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This work is dedicated to all the generations to come: 
That they may ... 
forgive us of our failures and inadequacies, 
learn from our mistakes, 
capitalize upon our victories, 
humble themselves before the Lord, 
approach His wondrous creation with utmost respect, and 
strive towards a righteous stewardship of the blessing that is the land. 
In Christ, GWS 
"When I shut up the heavens so that there is no rain, or command locusts to devour 
the land or send a plague among my people, if my people, who are called by my name, will 
humble themselves and pray and seek my face and turn from their wicked ways, then will I 
hear from heaven and will forgive their sin and will heal their land." 
- 2 Chronicles 7: 13, 14 
And Jesus told them this parable: "The ground of a certain rich man produced a good 
crop. He thought to himself, 'What shall I do? I have no place to store all my crops.' Then he 
said, 'This is what I'll do. I will tear down my barns and build bigger ones, and there I will 
store all my grain and my goods. And I'll say to myself, "You have plenty of good things laid 
up for many years. Take life easy; eat, drink, and be merry." But God said to him, 'You fool! 
This very night your life will be demanded from you. Then who will get what you have 
prepared yourself? This is how it will be with anyone who stores up things or himself but is 
not rich toward God." 
- Luke 12: 16-21 
Then Jesus said, "This is what the kingdom of God is like. A man scatters seed on the 
ground. Night and day, whether he sleeps or gets up, the seed sprouts and grows, though he 
does know how. All by itself the soil produces grain-first the stalk, then the head, then the 
full kernel in the head. As soon as the grain is ripe he puts the sickle to it, because the harvest 
has come." 
- Mark 4: 26-29 
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CHAPTER 1: 
GENERAL INTRODUCTION 
Towards a More Sustainable Agriculture 
During the past century mankind has made progress in the management of land and 
agroecosystems. An agroecosystem is defined as "land used for crops, pasture, and livestock; 
the adjacent uncultivated land that supports other vegetation and wildlife; and the associated 
atmosphere, the underlying soils, groundwater, and drainage networks" (United States EPA: 
Terms of Environment, 1997). An evaluation of these anthropogenic effects on the 
environment is imperative because agroecosystems are some of the fastest changing 
landscapes of any ecosystem type (Elliott and Cole, 1989). Moreover, it is becoming 
increasingly clear that farmers have custody of more of the environment than does any other 
group (Paarlberg, 1980) as determined by the adverse effects that agriculture has had on the 
environment through soil erosion, chemical contamination, and decreased genetic diversity. 
A more sustainable approach to managing land and agroecosystems has at its core a 
harmonious relationship between mankind and the natural world. Proper stewardship 
practices working with the "wisdom of nature", in a sense harnessing its power as opposed to 
bending it to meet our needs (Jackson and Piper, 1989). This can be done through 
implementing agricultural techniques that are based on or even mimic the principles of the 
natural world. 
It is a challenging and yet exciting time to be working in the area where the 
agriculture field and the natural resource field intersect. Priorities are beginning to change 
and goals are converging in pursuit of a sustainable agriculture. Still, in order to go forward 
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we must learn more about the fundamentals and find explanations for how and why an 
agroecosystem behaves the way it does and further investigate how it functions as a whole. 
To understand an agroecosystem we must understand the natural ecosystem that preceded it 
and the processes by which it arrived at its present state. Then, once we begin to accurately 
understand the agroecosystem, we will have the necessary tools to begin shifting the 
paradigm of contemporary agriculture towards a more sustainable agriculture. 
A Case for Comparative Agroecosytems Research 
The present state of agroecosystems in the Midwestern United States are most often a 
rotation of the annuals, corn and soybeans, that have been established on the landscape 
following the conversion of the natural ecosystem that preceded it, perennial tallgrass prairie. 
The story of the Midwest is one of intensive agriculture that has produced a landscape 
consisting of mostly annual vegetation. Changes to the hydrological balance that 
accompanied the clearing of native vegetation and forested catchments emphasize the need to 
understand how different plant species use soil water (Burgess, 1998). The conversion from 
perennial grasses and woodlands to row-crop agriculture has altered the movement of water 
and thereby nutrients by affecting ground cover, évapotranspiration rates, rooting 
characteristics, etc. For example, studies on surface and subsurface water flow from 
agricultural landscapes in the Midwest indicate that the widespread introduction of crops 
have had a dramatic impact on flood regimes (Fohrer et al., 2001; Miller et al., 2002). 
Additionally, aquatic systems have been made impure by increases in sediment and nutrient 
loading, leading to a lower quality of life for people in the region and downstream. (Burkart 
and James, 1999; Schilling and Libra, 2000). 
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Unfortunately, little is known about the extent to which different annual and perennial 
communities have altered soil water dynamics. The importance of agroecosystem restoration is 
gaining ground because it provides the opportunity to re-establish ecological health and 
diversity, but also allows the continuation of production practices. The capacity for evaluating 
the impact of re-introducing perennial plants to Midwestern agricultural landscapes and its effect 
on water quality depends highly on a correct understanding of soil water dynamics under these 
different plant communities (i.e., Lai and Katul, 2000; Laio et al., 2001). An increased 
understanding of the functioning of perennial plant communities in comparison to annual plant 
communities is required in order to make sound management decisions that support sustainable 
agroecosystems. 
A quantitative and comparative assessment of plant-soil-water cycling processes in 
annual and perennial plots would enable us to evaluate how agroecosystem restoration may alter 
plant-soil-water cycling processes and, in turn, affect the overall hydrological balance within 
agricultural watersheds. It has been predicted in model simulations that the inclusion of perennial 
plants within agroecosystems could significantly improve hydrological conditions in agricultural 
landscapes by positively changing surface runoff, groundwater recharge, and runoff conditions 
(i.e., Eckhardt et al., 2003). The incorporation of perennial plants and increasing vegetative 
diversity among current agricultural systems could positively affect agroecosystems by 
decreasing the flow of water and nutrients (Huggins et al., 2001) However, few studies have 
explicitly tested this prediction by physically testing the plant-soil-water cycling processes of 
annual and perennial vegetation in field plots. 
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Therefore, the primary objective of my investigation is to assess soil water and root 
dynamics under contrasting annual-perennial vegetative cover types (CRP Pasture, Restored 
Prairie, Degraded Woodland, Restored Savanna, Soybean Field, and Corn Field) in a Midwestern 
landscape. My study examines differences in depth of soil water uptake that might result from 
differences in the root structure and distribution of various vegetative cover types. Additionally, I 
assess the influence of different vegetative cover types on soil moisture near the soil surface and 
at the groundwater level. Finally, I evaluate how patterns in throughfall (i.e. canopy interception 
of rainfall) vary across the different vegetative cover types. 
Specifically, for this research I hypothesize that: 
1) Perennial plant communities consisting of deeply rooted vegetation (Degraded 
Woodland, Restored Savanna, Restored Prairie, and CRP Pasture) will take-up 
moisture from greater depths in the soil profile in comparison to annual plant 
communities (Corn Field and Soybean Field). Further, that this effect should 
become increasingly evident during progressively drier periods that occur both 
during and at the end of the growing season. 
2) Soils under annual vegetation will contain lower soil moisture levels in the upper 
horizons as vegetative production peaks (July-August), but greater soil moisture 
during the rest of the growing season. 
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Thesis Organization: 
This thesis is presented in four chapters. The first chapter contains a general 
introduction. The second chapter consists of an extensive review of literature that closely 
pertains to this research. The third chapter is comprised of my comparative agroecosystems 
analysis of soil water and root dynamics under six different vegetative cover types. It is 
presented in one scholarly scientific journal manuscript to be submitted to Plant and Soil. 
Finally, the fourth chapter includes a general conclusion that aims to provide an explanation 
for how the findings of my research can be broadly applied to the world around us, with 
special reference to the Midwest, United States. References follow each chapter. 
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CHAPTER 2: 
LITERATURE REVIEW 
The nature of this project is highly interdisciplinary and while interdisciplinary 
research has its advantages, there are also significant challenges involved. The accompanying 
text will describe the nature of the project and explain the utilization of diverse sources 
contributing to its implementation. Literature that can be applied directly to this project is 
scarce. The following is an in depth review of the broad pool of available literature in a 
context that is applicable to this work. 
The Influence of Vegetative Cover Types on Agroecosystem Function 
Scholarly scientific journal articles about studies that have explicitly conducted a 
comparative analyses of annual and perennial ecosystems in the Midwest are limited; this 
aspect of the study is nonetheless of critical importance and warrants a review of the existing 
literature. Therefore, articles closely related to this study were chosen and have been 
included. Additionally, as a result of the interdisciplinary nature of this research, extensive 
experimentation has not been conducted on a good portion of the available scientific 
information. Therefore, much of the scientific literature remains conceptual, which 
accentuates the importance of the scientific research being performed in this subject area. 
The land use of a particular landscape has a tremendous impact on all other ecological 
aspects. Types of cover over the land can be classified as either natural ecosystems or 
agricultural ecosystems. Natural ecosystems, made up of primarily perennial plants, are 
necessary for balance and health. The once vast expanse of naturally existing tallgrass prairie 
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in Midwest has been replaced by agricultural ecosystems; two-thirds of which are annual 
crops, now necessary for meeting humanities basic need for food and fiber (Glover, 2005). 
The problem is that the conversion from perennial to annual plant communities has 
impaired the very services- nutrient cycling, water management, soil conservation- essential 
for sustained agricultural production (Smil, 2003). This dramatic vegetative conversion has, 
with few exceptions, cut into the ecological capital built up and conserved by natural 
ecosystems (Pimm, 2001; Glover, 2005). Ewel (1999) indicates that seeking new models for 
agriculture is necessary and that it is only logical to learn from the time-proven native 
ecosystems so that their useful traits can be imitated. Ironically, some of the successful 
agroecosystems in areas of intensive agriculture resemble the natural ecosystems they 
replaced (i.e. grain monocultures resemble native grasslands, orchards resemble native 
woodlands). Yet, the resemblance is only superficial as these systems are only short-lived 
versions that lack the balance and vegetative diversity of the resilient perennial native 
grasslands (Jackson, 1985). Natural systems are immensely more complex than the 
simplified plant and animal assemblages that humans exploit for food production (Ewel, 
1999). 
Huggins et al. (1997) shows that perennials have potential for greater photosynthate 
production than annuals, and start the growing season with a living root system thereby using 
water and nutrients more effectively in a greater volume of soil than annuals. However, a 
complete conversion of cropland back to native vegetation is presently not economically 
viable and could have serious ramifications towards the security of our food supply. Factors 
such as soil water deficits that can be created by high water use crops such as alfalfa and 
perennial grasses must considered as they can have a negative impact on subsequent crop 
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growth and yield (Shrader and Pierre, 1966; Green et al., 1988). Nonetheless, quantities of 
excess water in annual cropping systems that must generally be removed via subsurface 
drains -to proceed with timely management operations and for optimal grain yields- can be 
reduced by perennial crops (Huggins et al., 1997; Zhao et al., 2000). 
DeHann et al. (2005) indicate that we will need to rely primarily on current forms of 
agricultural production until further theoretical and practical progress is made in utilizing 
perennial polycultures. Still, in the Upper Midwest the only cropping sequences that achieve 
sufficient efficiencies in water and nitrogen are those that include perennial crops in rotation 
with annual row crops (alfalfa-corn-corn-soybean; perennial grass/alfalfa mixture-corn-corn-
soybean) as compared to: continuous corn, corn after soybean, soybean after corn (Huggins 
et al., 2001). At this time, in order to move towards a plausible solution, we must focus on 
progressing towards an acceptable middle ground. For instance, Porter et al. (1997) found 
that rotating corn with alfalfa resulted in a 19% greater corn yield as compared to corn 
monoculture. Alfalfa removes soil water and nitrogen from deep in the profile because of its 
deep root system and accumulates more nitrogen in the aboveground biomass in comparison 
to annual crops (Randall et al., 1997). 
The majority of the issues in question are broader than simply the question of 
selecting annual or perennial plants. Examples of successful, potentially more sustainable, 
land use systems include: natural-forest silviculture, plantation agriculture and home gardens 
also known as agroforests (Ewel, 1999). The general concepts of natural systems agriculture 
and creating agroecosystems that mimic the structural and functional complexity of nature 
can still be applied and have the potential to play a crucial role for all societies (Ewel, 1999). 
10 
Soil Moisture Dynamics 
In recent years, the variability of ecosystems at all levels has surfaced as an area of 
increased interest (Dodd et al., 1998, Qiu et al., 2001, Sala et al., 1989, Fu et al., 2003). Soil 
moisture, in particular, exhibits a high degree of spatial and temporal variability (Owe et al., 
1982, Grayson et al., 1997). Noy-Meir (1973) asserts that the availability of water in time 
and space has a vast influence over the structure and dynamics of an ecosystem. While 
efforts have been put forth in the study of temporal changes and horizontal variation of soil 
moisture, a deficiency is present in revealing features of soil moisture in the profile (Qui et 
al. 2001). 
The variability in soil moisture has been widely studied for the purposes of evaluating 
the factors controlling it, determining its influence on ecosystem processes, and predicting it. 
However, it is apparent that the critical influence of vegetative cover is often unaccounted for 
in the assessment of the affects of land use patterns on soil moisture (Fu et al., 2003). 
Nonetheless, it must be recognized that numerous elements other than land use widely 
influence soil moisture (Qui et al., 2001). Fu et al. (2003) indicate that topography, soils, and 
vegetation influence soil moisture variability. The aforementioned influences, combined with 
contradictory findings presented in the literature (Famiglietti et al., 1998; Western et al., 
1999), suggest that the evaluation of soil moisture variability is highly complex. 
Nevertheless, there is a critical need for enhanced understanding of the relationships between 
soil moisture and land use across a range of sites and scales in order to improve our capacity 
to better manage land and resources (Qui et al, 2001). 
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This complexity makes it critical to understand moisture dynamics from an ecological 
perspective. In the Midwest, increased understanding of soil moisture dynamics is supported 
from the agricultural perspective due to the veneration of maximum production. A bountiful 
harvest is secured by managing the risk of limiting resources. In environments where water 
supply is variable and limiting, an accurate estimation of water availability is important 
(Dardanelli et al., 1997). In addition, Dardanelli et al. (1997) state that the constraint on crop 
production for available water depends on the dynamic of the water supply from the soil 
profile, what is available to the plant via its roots, and atmospheric demands. This is 
consistent with the ecological principle that coexistence is governed by the requirement that 
species will utilize different resources (Dodd et al., 1998). Naturally, increasing the diversity 
of vegetation creates competitive interactions between species as they attempt to coexist 
(Ehleringer et al., 1991). Within the realm of agriculture vegetative diversity is atypical for a 
number of reasons such as added complexity in harvesting and weed management. 
Nonetheless, as the importance of healthy agroecosystems escalates it is plausible that the 
viability of agriculture and vegetative diversity will be intertwined. Therefore, soil moisture 
and rooting dynamics must be better understood in order for the successful coexistence of 
agriculture and healthy ecosystems. 
Studies on resource partitioning such as the work of Weltzin and McPherson (1997) 
must be done to further understanding about the coexistence of natural systems and 
agroecosystems. Weltzin and McPherson (1997) found that trees (seedlings, juveniles, and 
adults) and grasses used soil waters derived from different depths during the late summer 
indicating that the maturity level of vegetation can influence its water economy. Similarly, 
there are opportunities within agronomic management to promote more efficient water use 
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(Sharpley et al., 1998). For example, the rooting zone can be extended by planting deep-
rooted crops, and thus water that has amassed below the normal rooting depth can be 
extracted and utilized (Sharpley et al., 1998, Jones and Johnson, 1983). Hamblin and Tennant 
(1987) found that deeper roots had higher values of apparent water uptake per root length 
density per day. Moreover, deeper water movement and more subsoil moisture are important 
advantages to no-tillage cropping systems as compared to conventional tillage systems 
(Norwood, 1994). 
Resource partitioning is a viable mechanism for the stable coexistence of agricultural 
and natural systems or what might be designated as an authentic agroecosystem. Variation in 
patterns and types of precipitation allow for this coexistence between shallow-rooted grasses 
using growing-season precipitation and, deeply-rooted woody plants that use moisture that 
has percolated through surface soil when grasses are dormant (Walker et al., 1981; Walker 
and Noy-Meir, 1982; Neilson, 1986; Archer 1990; Laurenroth et al., 1993). Still, the concern 
of alternative crops, such as alfalfa (Medicago sativa), depleting precious soil water 
(Grandfield and Metzger, 1936) can be a reason for the lack of diversity in agricultural 
systems. However, Badaruddin and Meyer (1989) indicate that a previous legume crop such 
as alfalfa should not interfere with the production of annual crops. 
Badaruddin and Meyer (1989) indicate that soil water depletion is associated not only 
with soil characteristics and climatic factors, but also with the water requirements of different 
species. For example, the work of Weltzin and McPherson (1997) supports the theory that as 
average summer precipitation increases long lived perennials will shift to a dimorphic root 
system with active roots in both deep and shallow layers of soil. Ordinarily, patterns in soil 
water depletion are a result of water loss by evaporation, loss from uptake by plant roots, and 
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loss or gain from water movement in response to potential energy differences (Stone et al., 
2002). Certain soil layers can have higher moisture contents more frequently and stay wet 
longer due to size and frequency of precipitation events and the atmospheric demand for 
water (Sala et al., 1992). Still, it should be noted that where drought and water use render the 
subsoil dry the result is a relatively shallow pattern of root penetration (Merrill et al., 1996; 
Connor and Hall, 1997). In row crop systems with ample soil water, exposed soil can be 
dried by both transpiration and evaporation (Peters and Russell, 1959). This effect maintains 
a balanced soil water profile by closely approximating the water use of a plant that could 
potentially occupy that soil. However, for evaporation to occur the moisture content of the 
surface must be reasonably high and sufficient energy must reach the soil surface to 
evaporate the water (Peters and Russell, 1959). 
To understand the water economy of plants, more specific information is needed 
about how much water is actually required by a plant to carry out its life processes (Peters 
and Russell, 1959). While a plant's water use is controlled by the net amount of energy 
reaching the crop and soil surface (Peters and Russell, 1959), differences in utilization are 
generally due to a difference in the length of the active-growing season period (Meyer, 
1987). Sala et al. (1992) report that grasses concentrate their below ground biomass in the 
upper 15 cm and succulents have shallow root systems in contrast to the deeper root systems 
of shrubs and herbs. Similarly, Weltzin and McPherson (1997) showed that, in savanna 
ecosystems only shallow-rooted warm season grasses and Emory Oak (Quercus emoryi) 
seedlings would be negatively affected by a reduction in summer moisture while both grasses 
and trees would benefit if more of the total annual water input were concentrated in the 
summer. Furthermore, an increase in winter precipitation would be beneficial to well 
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established Emory Oak and grasses (Weltzin and McPherson, 1997). In agricultural settings, 
Smucker (1984) suggests that cereal crops tend to develop a well-ramified root system that is 
able to persist with or without abundant moisture, whereas leguminous crops tend to grow, 
lose and regrow in response to the status of soil water. 
Land use practices have been found to have a broad influence over water movement 
in soils, soil moisture profile gradients, and soil moisture profile variability (Schwartz et al., 
2003; Qui et al., 2001). This provides unequivocal evidence that the conversion of perennial 
woodland, savanna and grassland to nearly all annual cropland has had an impact on soil 
moisture dynamics. In natural systems, significant differences are present in rooting depth, 
soil water extraction, canopy attributes and transpiration among natural species and current 
agricultural crops. (Damanelli et al., 1997; Hamblin and Tennant, 1987; Schemel et al., 
1991). It would be sensible to take advantage of differential resource use and maximize 
utilization whether it is for natural ecosystem restoration or agroecosystem operation 
Oxygen Isotope Ratios (18O /16O ) in Ecological Applications 
The impact of human activities on the global environment is ever increasing thereby 
placing unprecedented stresses on natural and managed ecosystems (Boutton et al., 1999). 
For this reason, it is evident that our understanding of ecology and ecosystems must be 
maximized to develop better approaches to resource management and to ensure the long-term 
productivity of our croplands, forestlands, and rangelands (Boutton et al., 1999). The natural 
variability in abundances of water stable isotopes within the soil and the dependence of 
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plants on soil water has led to many studies on the water sources of plants and the 
mechanisms or patterns by which they take up that water (Walker and Richardson, 1991). 
The variance within the soil is a result of the kinetic effect resulting from the higher 
mass of the heavy isotope. Molecules containing heavier isotopes react and diffuse more 
slowly due to their ability to form stronger bonds as compared to the lighter isotope, which 
creates a gradient within the soil (Griffiths, 1991). The isotopic signature of each horizon is 
expressed as the ratio of heavier to lighter isotopes (180/160 for oxygen) in the plant tissue. 
This isotopic signature is detectable due to fractionation processes that occur within the soil 
profile and the groundwater (Allison and Hughes, 1983). Consequently, the ratio of heavy to 
light isotopes increases with depth in most situations. However, within the soil profile 
heterogeneities exist that make it challenging to draw conclusions dealing with a plants 
uptake of water from a particular depth (Walker and Richardson, 1991). Additionally, in 
certain cases where isotopic signatures are statistically indistinguishable, it may be possible 
to use mixing models and pool these sources together reducing the number of sources to the 
number of isotopic tracers plus one (Phillips and Gregg, 2003). 
Concerns surrounding source differentiation in plant water source studies can 
sometime be alleviated by taking advantage of the larger difference in atomic mass between 
hydrogen (*H) and deuterium (D) as compared to 180 and 160 (Chimner and Cooper, 2004). 
Studies by Lin and Sternberg (1993), Lin and Sternberg (1994), Sternberg et al. (1991), and 
Sternberg and Swart (1987) have shown significant isotopic fractionation of hydrogen during 
water uptake by certain halophytes through discrimination against deuterium (D) by roots 
during salt filtration. Both isotopic fractionation and indiscernible isotopic signatures in the 
soil profile can be problematic. It is then important that all possible sources of isotopic 
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contributions or fractionations are identified once a successful technique is found (Walker 
and Richardson, 1991). 
Stable isotope analysis of both hydrogen and oxygen have improved not only our 
understanding of water source acquisition by plants but also how different plant species use 
water resources in space and time (Dawson et al., 2002). For example, White et al. (1985), 
White (1989), Dawson (1993), and Brunei et al. (1995) utilized hydrogen and oxygen isotope 
analysis to effectively determine the reliance of a species on shallow versus deep soil water. 
Dawson and Ehleringer (1991), Busch et al. (1992), Thomburn et al. (1994), Phillips and 
Ehleringer (1995), and Kolb et al. (1997) have all done isotopic work on various plants to 
determine if they use surface runoff/streamwater or soil water. Isotope analysis of source and 
plant waters has been used to examine changes in the zone of water uptake over time when 
soil moisture varies within season (Ehleringer et al., 1991; Dawson and Pate, 1996; Lin et al. 
1996; Dawson, 1998). Perhaps, one of the most important advantages of using stable isotope 
techniques is that stable isotope data can be used to determine the zones in soils where plant 
roots are actively extracting soil moisture (Ehleringer and Dawson, 1992). Root sampling 
methods may provide information on the presence of roots in a given area but direct 
assessment of root function and water uptake with respect to depth in the soil is problematic 
because root biomass and density distribution do not necessarily quantify root viability, 
activity level, or resource availability (Midwood et al., 1998). Isotope data alone can indicate 
where there are viable roots that are active in water uptake (Dawson et al., 2002). 
Walker et al. (1992) indicate that when performing the extraction of soil water from 
soil for stable isotope analysis large errors can be encountered if the soil is exceedingly dry. 
Temperature effects may have little effect on isotope profiles but their effect on soil water 
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profiles and fluxes can be significant. Greater precision can be obtained by further 
exploration of the interaction of the isotope profiles with temperature gradients (Barnes and 
Allison, 1988). Sonntag et al. (1985) found that it is not possible to use enriched surficial soil 
waters as markers of water movement because even though the prior soil water may be 
considerably enriched in heavy isotopes, infiltrating water will compress the isotope profile 
that diffusive mixing occurs. In addition, a number of studies show that when one part a 
plants root system has access to soil with high water content other parts of the root system 
have the ability to release water to soil of low water content; presenting another potential 
situation where mixing might occur (Richards and Caldwell, 1987; Passioura, 1988). In 
general, supplementary data (i.e. soil water potential, soil moisture, etc.) provides a more 
sophisticated interpretation of isotopic data by providing interrelated data to confirm or reject 
the findings of isotopic data (Brunei et al., 1995). 
Lastly, the major advantage of the stable isotope approach is contained within the 
measurement of existing isotopic gradients that show precisely how various components of 
ecosystems, including humans, are connected (Peterson and Fry, 1987). 
The limiting factor may be that while there is significant potential for stable isotope studies 
in physiological ecology; applications will be limited by the availability of analytical 
facilities and technical expertise (Griffiths, 1991). In any event, the use of stable isotope 
techniques has provided insights across a range of spatial and temporal scales and permitted 
plant ecologists to address issues that have seemed intractable using other methods (Dawson 
et al., 2002). When combined with the latest information from modeling, molecular data, and 
genetic data, isotope methods have the potential to expand our understanding of population 
and community level processes. (Dawson et al., 2002). 
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CHAPTER 3: 
A COMPARATIVE AGROECOSYSTEMS ANALYSIS OF SOIL 
WATER AND ROOT DYNAMICS UNDER CONTRASTING 
ANNUAL-PERENNIAL VEGETATIVE COVER TYPES 
COMMON TO THE MIDWESTERN, U S A. 
A manuscript to be submitted to Plant and Soil 
Greg W. Shepherd1, Heidi Asbjornsen2, Matthew Helmers3, and German Mora4 
Introduction: 
During the past century anthropogenic activities have had an impact on the 
management of land and agroecosystems in the Midwest United States by transforming most 
of the pre-European grasslands and savannas in to rotations of annual crops. Rotations 
presently consist of primarily corn and soybeans with intermittent perennial grass waterways 
and the occasional riparian or grass buffer. The periodic and chronic disturbances inherent in 
agricultural management practices situate agroecosystems in the midst of some of the fastest 
changing landscapes of any ecosystem type (Elliot and Cole, 1989). Due to the expansive 
amount of land included in this conversion it is becoming increasingly clear that farmers 
have custody of more of the environment than any other group (Paarlberg, 1980). 
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Agricultural land use practices influence water movement in soils, soil moisture 
profile gradients, and soil moisture profile variability at the watershed scale (Schwartz et al., 
2003; Qui et al., 2001). Changes to the hydrological balance that accompany the clearing of 
native vegetation and forested catchments have impacted soil moisture dynamics and 
emphasize the need to understand how different plant species use soil water (Burgess, 1998). 
Studies on the flow of surface and subsurface water from agricultural landscapes in the 
Midwest indicate that the widespread introduction of crops has a dramatic impact on flood 
regimes (Fohrer et al., 2001; Miller et al., 2002). Natural systems have taught us that 
significant differences in rooting depth, soil water extraction, canopy attributes, and 
transpiration occur between natural species and current agricultural crops (Dardanelli et al., 
1997; Hamblin and Tennant, 1987; Schemel et al., 1991). In addition, in forage species it has 
been shown that soil water depletion is associated not only with soil characteristics and 
climatic factors, but also the water requirements of the species (Badaruddin and Meyer, 
1989). 
Perennials have potential for greater total production than annuals (DeHann et al., 
2005). They start the growing season with an extensive living root system thereby using 
water and nutrients more effectively and in a greater volume of soil than annuals (Huggins et 
al., 2001). However, a complete conversion of cropland back to native vegetation is presently 
neither economically viable nor politically feasible and could have serious ramifications 
towards the security of our food supply. Factors such as soil water deficits that can be created 
by high water use crops such as alfalfa and perennial grasses must be taken into 
consideration as they can have a negative impact on subsequent crop growth and yield 
(Shrader and Pierre, 1966; Grecu et al., 1988). Nonetheless, quantities of excess water 
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present in annual cropping systems -that are generally removed via subsurface drains for 
timely management operations and optimal grain yield- can be reduced by perennial crops 
(Huggins et al., 1997; Zhao et al., 2000). In the Upper Midwest the only cropping sequences 
that achieve sufficient efficiencies in water and nitrogen are those that include perennial 
crops in rotation with annual row crops (alfalfa-corn-corn-soybean; perennial grass/alfalfa 
mixture-corn-corn-soybean) as compared to: continuous corn, corn after soybean, soybean 
after corn (Huggins et al., 2001). 
It is evident that our understanding of ecology and ecosystems must be improved to 
develop better approaches to resource management and to ensure the long-term productivity of 
our croplands, forestlands, and rangelands (Boutton et al., 1999). Proper stewardship practices 
working with the "wisdom of nature", in a sense harnessing its power as opposed to bending it to 
meet our needs (Jackson and Piper, 1989). This can be done through implementing agricultural 
techniques that are based on or even mimic the principles of the natural world. 
Ewel (1999) points out examples of successful, potentially more sustainable, land use 
systems such as: natural-forest silviculture, plantation agriculture and home gardens also known 
as agroforests. The general concepts of natural systems agriculture and creating agroecosystems 
that mimic the structural and functional complexity of nature can be applied and have the 
potential to play a crucial role for all societies (Ewel, 1999). Coexistence is governed by the 
requirement that species will utilize different resources (Dodd et al., 1998). Naturally, increasing 
the diversity of vegetation on the land creates competitive interactions between species as they 
attempt to coexist (Ehleringer et al., 1991). As the importance of healthy agroecosystems 
escalates it is plausible that the viability of agriculture and vegetative diversity will be 
intertwined. 
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Little emphasis has been placed on investigating how different perennial and annual plant 
communities have altered soil water dynamics. Studies on soil moisture variability have been 
performed in order to predict it (Bardossy and Lehmann, 1998; Qui et al., 2001; Qui et al., 2003), 
determine its influence on ecosystem processes (Sala et al., 1992), and to evaluate the factors 
controlling it (Anderson and Kneale, 1980). However, it is apparent that assessments of the 
affects of land use patterns on soil moisture are often missing (Fu et al., 2003). Land use is such 
an important factor that there is evidence to show that it has a greater effect on water movement 
in soils that even soil type (Schwartz et al. 2003). The capacity for evaluating the impact of re­
introducing perennial plants to Midwestern agricultural landscapes and its effect on water quality 
depends highly on a correct understanding of soil water dynamics under these different plant 
communities (e.g., Lai and Katul, 2000; Laio et al., 2001). 
The primary objective of this investigation is to assess soil water and root dynamics 
under contrasting annual and perennial vegetative cover types in a Midwestern landscape. The 
use of oxygen stable isotopes was employed to determine the extent to which varying vegetative 
cover types take-up water from different soil depths because of differences in root structure and 
distribution. One of the most important advantages of using stable isotope techniques is that 
stable isotope data can be used to determine the soil zones from where plant roots are actively 
extracting soil moisture (Ehleringer and Dawson, 1992). In addition, this study will investigate 
the influence of different vegetative cover types on surface soil moisture and above ground water 
dynamics. 
Previous studies that have included annuals and perennials have indicated that: perennials 
utilize nutrients more effectively and in a greater volume of soil than annuals, perennials have an 
extensive preexisting root system at the onset of the growing season, and that the flow of water 
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through the soil profile is less under perennial vegetation (Randall et al., 1997; Huggins et al., 
2001). Still, a need is present for an analysis that directly compares the water uptake of annual 
crops and native perennial vegetation throughout the growing season. 
Studies on plant water use have often been performed in an effort to optimize irrigation 
(Al-Kaisi and Yin, 2003; Howell, 2001) or understand plant responses to dry/wet conditions 
(Drake and Franks, 2003; Guenni et al., 2002). For corn and soybeans it has been shown that as 
vegetative production peaks (July-August), crop water use is at its maximum rate (Shaw, 1982). 
However, a deeper understanding of how vegetative cover influences growing season soil water 
dynamics requires a comparison of soil moisture levels throughout the growing season. 
Therefore, for this research it is hypothesized that: 
1) Perennial plant communities consisting of deeply rooted vegetation will take-up 
moisture from greater depths in the soil profile in comparison to annual plant 
communities. Further, that this effect should become increasingly evident during 
progressively drier periods during and at the end of the growing season. 
2) Soils under annual vegetation will contain lower soil moisture levels in the upper 
horizons as vegetative production peaks (July-August), but greater soil moisture the rest 
of the season. 
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Site Background: 
Location and Description 
This study was conducted on the Neal Smith National Wildlife Refuge, located in 
Jasper County, Iowa (41°33'N, 93°17'W). The Neal Smith National Wildlife Refuge is part 
of the National Wildlife Refuge System and is administered by the United States Fish and 
Wildlife Service. 
The study design for this research centered on comparing and contrasting six different 
types of vegetation: CRP Pasture, Restored Prairie, Degraded Woodland, Restored Savanna, 
Soybean Field, and Corn Field. The sites were all approximately one hectare and under 
analogous topographical conditions ranging from approximately 256 to 277 m with primarily 
northwest facing slopes. The climate is humid temperate with an average annual temperature 
of 10 °C and an average annual precipitation of approximately 840 mm. The similarity of 
their topographic and climatic characteristics reduces the influence of confounding variables. 
Consequently, any change is likely a result of differences in contrasting vegetative cover 
types and land uses. The six sites utilized can be described as: 
(1) CRP Pasture, having previously been in the Conservation Reserve Program 
(CRP), cool-season grass mixture with no tillage for +15 years, dominated 
by smooth brome grass (Bromits inermis) 
(2) Restored Prairie, restored in 2003, established with a mixture of locally 
collected native grass and forb seed, dominated by big blue stem 
(Andropogon gerardii) 
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(3) Degraded Woodland, high density stand resulting from woody encroachment 
in former savanna habitat, dominated by oak (Quercus alba) and elm 
([/Zmwj amgrzcaMa) trees, buckbrush orbzcwZafaj), and 
sedge (Carex sp.), among other species, in the understory. 
(4) Restored Savanna, initial restoration sequence initiated in 2003, dominated by 
oak (Quercus alba) trees, buckbrush (Symphoricarpos orbiculatas), and 
sedge (Carex sp.), among other species, in the understory. 
(5) Soybean Field (Glycine max), monoculture, under no-till practice, annually 
rotated with corn. 
(6) Corn Field (Zea mays), monoculture, under no-till practice, annually rotated 
with soybeans. 
Soil Properties 
Soils across all study sites are predominantly mesic Mollic Hapludalfs and Alfisols 
characterized by a loam to silty clay-loam texture (Otley silty clay loam, Ladoga silt loam, Nira 
silty clay loam, and Gara loam) (SCS, 1979). To account for any differences between the six 
sites, soil samples were taken to test organic matter content, texture, and bulk density. Soil 
texture and organic matter content can significantly influence water and root characteristics 
while bulk density is important in assessing the total volume available within the soil profile for 
water to occupy (Elliott et al., 1999). 
Bulk Density 
Five soil cores were taken with a drive sampler to a depth of 30 cm from each site. The 
cores were then transported to the laboratory and cut into 0-5, 5-15, and 15-30 cm increments; 
the volume was then calculated, and the dry mass determined, in order to compute the bulk 
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density. The average bulk densities for each depth increment were relatively uniform across five 
of the sites. However, a greater disparity between sites was noticeable at the 0-5 cm depth. The 
Corn Field site was the noteworthy outlier, having the highest and the lowest average bulk 
density at 1.81 and 0.50 g cm"3 respectively (Figure 1). Past agricultural practices may be the 
explanation for the inconsistency. Excluding the Corn Field site, the difference from highest to 
lowest at the 0-5 cm depth was 0.5 g/cm3. 
Soil Bulk Density 
— C R P  P a s t u r e  
Restored Prairie 
-r&r- Degraded Woodland 
-M- Restored Savanna 
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Figure 1: Variability of bulk density (in g / cm"3) with soil depth (in cm) 
below ground surface for all six sites. 
Texture 
A standard bucket auger (7.5 cm diameter) was used to take samples at intervals of 0-5, 
5-15, 15-30, 30-60, 60-90, and 90-120 cm. The texture analysis results showed negligible 
variability (Figures 2-4) for five of the sites with the CRP Pasture site exhibiting notable 
variability across all textures. The inconsistency could be due to the CRP Pasture being the 
greatest distance from the other sites (~ 4 km). Regardless, the CRP Pasture was the closest 
available site with this type of existing vegetative cover. Excluding the CRP Pasture, the five 
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other sites had a combined average texture content of 14.6 % sand, 57.5 % silt, and 28.1 % clay 
at the 90-120 cm depth. 
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Figure 2: Soil "sand" content (in %) with soil depth (in cm) below 
ground surface for all six sites. 
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Figure 3: Soil "silt" content (in %) with soil depth (in cm) below ground 
surface for all six sites. 
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Figure 4: Soil "clay" content (in %) with soil depth (in cm) below 
ground surface for all six sites. 
Organic Matter 
Soil organic matter content and soil texture were sampled concurrently so sampling 
procedures were completed in the same fashion. The Restored Savanna and the Degraded 
Woodland sites show higher organic matter contents when compared to the other sites at 0-5 cm 
with 8.0 % and 5.6 %, respectively (Figure 5). However, the Restored Savanna and the Degraded 
Woodland sharply decline to levels similar to the other sites as organic matter contents for all 
sites decrease with depth. 
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Figure 5: Soil organic matter content (in %) with depth (in cm) below 
ground surface for all six sites. 
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Materials and Methods: 
Throughfall Monitoring 
Throughfall collectors were utilized to measure difference in the amount of rainfall 
reaching the soil surface (i.e. canopy interception) across contrasting vegetative cover types. 
Throughfall collectors were constructed using 2 inch PVC pipe, horizontally ripped to form a 
trough and cut at one-meter lengths. The trough was capped on each end with 2 inch PVC 
caps. A hole was drilled in the cap on one end as an outlet for water. Tygon® tubing was 
inserted in the hole and sealed with plastic pipe cement. The tubing was then inserted into a 
one-gallon receptacle. Three collectors were installed at the soil surface at each of the six 
sites. The volume of water that reached the collectors and flowed into the receptacles was 
recorded biweekly. Analyses of variance (ANOVA) in addition to LSD/Tukey Kramer tests 
were performed to determine which sites showed significant differences (0.05 probability) 
(SAS Inst., 1999). 
Additional above ground data was continuously recorded by a weather station. The 
station, located approximately 100 m from the agricultural and woodland sites was 
positioned in an open area so that the effects of shade, windbreak, and microclimate from any 
vegetation were minimized. The weather station recorded rainfall (tipping bucket), solar 
radiation (photovoltaic detector), humidity (capacitance sensor), and wind speed 
(anemometer). Individual standard rainfall gauges were installed and monitored in the 
Restored Prairie and the CRP Pasture sites because they were a considerable distance from 
the weather station. Finally, for comparative purposes past rainfall data over the same 5 
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month time period within the year for 2000-2004 was obtained from a weather station located 
in Des Moines, IA. 
Measurements of Soil Moisture 
Theta Probe 
The theta probe (ML2, Delta-T Devices, Cambridge, UK) was used to measure 
moisture content with a depth range of 0-6 cm. Five separate readings were taken for each 
site. Theta probe readings were taken near the same locations as neutron probe readings 
(Figure 7). Readings were taken at a distance of approximately one meter from the neutron 
probe access tubes at each of the five locations within each of the six sites. The theta probe 
readings were then averaged to determine surface soil moisture. Analyses of variance 
(ANOVA) in addition to LSD/Tukey Kramer tests were again performed to determine which 
sites showed significant differences (0.05 probability) (SAS Inst., 1999). 
Theta Probe Field Calibration 
Fifteen soil core samples, to a depth of approximately 6-8 cm, were taken from 
random locations adjacent to the study sites (Kaleita et al., 2005). Once removed from the 
ground the soil samples were sealed in plastic bags and removed from direct sunlight to 
minimize evaporation. The samples were transported to the laboratory, transferred into pre-
weighed thin-walled plastic cylinders and theta probe readings were taken. The samples were 
then weighed and dried in a drying oven at 105 °C for 24 hours. Moisture content for the soil 
samples was determined by figuring the difference between wet and dry weights (Kaleita et 
al., 2005). Theta probe readings were taken once more to determine the moisture content of 
drier soil samples (Delta-T ML2x Theta Probe Manual, 1999). Finally, a simple linear 
relationship between the complex refractive index and the volumetric water content 
(Whalley, 1993; White, et al., 1994) was employed to determine the two calibration 
coefficients a0 and «i in the equation: 
V s = a0 + ai • 0 
where V £ is the square root of the dielectric constant (equivalent to the complex refractive 
index) and 0 is volumetric water content. The two unknown coefficients (a0 and «i) were 
determined using the calibration equation and a linear regression established (Figure 6) for 
the fifteen samples (Delta-T ML2x Theta Probe Manual, 1999). Considering possible 
instrumental errors as well as sampling and calibration errors an achievable accuracy of 
±0.05 m3 m"3 was approximated for the theta probe. 
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Figure 6: Volumetric soil moisture (in m3 m"3) with theta probe response (Vs) for 
field calibration where R2= 0.7735. 
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Neutron Probe 
The soil profile was monitored for volumetric soil moisture within each treatment 
site, using a 503 DR Hydroprobe® (CPN International Inc., Martinez, CA) and 
accompanying steel soil moisture access tubes. The tubes were 50 mm in diameter x 150 cm 
in length, and they were sealed at the bottom using silicone caulk and Econ-O-Grip® plugs 
(Cherne Industries, Minneapolis, MN). Five of the soil moisture access tubes were installed 
at each of the six one-hectare sites. The tubes were distributed such that one was installed at 
the center and the remaining four tubes were installed with the tubes oriented towards each of 
the four cardinal directions at a distance of twenty-five meters from the center tube (Figure 
7). They were installed to a depth of approximately 130 cm by cautiously pushing them into 
a like diameter hole in the ground that was pre-drilled with a #15-TS Model GSRT Hydraulic 
Soil Sampling, Coring and Drilling Machine® (Giddings Machine Company, Inc.). The top 
20 cm of each soil moisture access tube remained above ground to prevent seepage, increase 
visibility, and provide a place for the neutron moisture meter to rest comfortably. 
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Figure 7: Map of general layout for all six sites. 
Once installation was completed, a sampling regime was implemented consisting of a 
total of eleven sample dates. Neutron moisture meter readings were taken at 10, 20, 40, 60, 
80, and 100 cm depths (Dane and Topp, 2002). Each of the five soil moisture access tubes 
per site was sampled biweekly over the course of a five-month growing season of 2005. 
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Neutron Probe Field Calibration 
The calibration of the neutron probe was initiated by taking standard counts in a 50 x 
65 cm tank of de-ionized water, using the soil moisture access tubes previously described. A 
count value was determined by averaging 30 measurements taken in a standard medium. 
Field count values were then converted to count ratios (countR) as follows: 
countR = field count 
standard count 
The units on the neutron probe were set to read as "count" and the time per reading 
was set at 64 seconds / reading. At each of the 12 locations adjacent to the vegetative study 
sites four soil cores were taken for a total of 48 soil cores. Samples were divided into 5 depth 
increments: 10-30, 30-50, 50-70, 70-90, and 90-110 cm. 
Two readings per depth were recorded for each access tube. Samples were collected 
outside of the measured volume of the neutron probe to minimize disturbance. Nonetheless, 
it was assumed that variability was insignificant due to the proximity of the access tube and 
the homogeneity of the soil where samples were taken. Two soil cores were collected at a 
radius of approximately one meter from each access tube. The soil samples were sealed in 
either plastic bags or plastic sleeves and removed from direct sunlight to minimize 
evaporation. Once in the laboratory the volume of the soil samples were recorded and the 
samples were transferred into a pre-weighed paper bag. A wet weight was recorded and then 
soil samples were placed in an oven set at 105 °C for a minimum of 24 hours to dry. The dry 
samples were weighed and recorded. Using these weights the volumetric soil moisture was 
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determined and plotted against the corresponding previously determined count ratio (Dane 
and Topp, 2002). 
The calibration for the 503 DR Hydroprobe® (CPN International Inc., Martinez, CA) 
was performed following the collection of the data for the entire sample period on two 
separate occasions. The first group of samples was taken under relatively dry conditions. A 
second group of samples was taken around 6 months later during fairly wet conditions in an 
attempt to generate an accurate and robust field calibration curve. Unfortunately, 
instrumental problems were discovered at the conclusion of the sampling period when 
calibration was attempted. The quality of the soil profile moisture data that was collected 
using the 503 DR Hydroprobe® was questionable. Therefore, because the results are 
unreliable there are not reported here. 
Groundwater Well 
The groundwater wells consisted of % inch PVC piping capped at the bottom with a 
pointed tip. The wells were equipped with slits covering the bottom third of the piping to 
allow movement of groundwater into the well. Groundwater wells were installed using a 7.5 
cm diameter telescoping bucket auger (AMS Forestry Suppliers). One well was installed at 
each of the six study sites, placed to a depth of approximately 6 m. Water table depths were 
determined bi-weekly over the course of the five-month growing season with The Little 
Dipper (Heron Instruments, Inc, Burlington, Ontario). 
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Stable Isotope Analysis Sample Collection 
Plant tissue samples and soil samples were collected for stable oxygen isotope analysis to 
evaluate the source of water uptake by plants. Soil samples were collected within each treatment 
area from 0-5, 5-10, 10-20, 20-40, 40-60, 60-80, 80-100 and 100-150 cm depth increments using 
a 7.5 cm diameter telescoping bucket auger (AMS Forestry Suppliers). Groundwater wells were 
used to access groundwater sources for sampling. Using appropriate cutting tools stem tissue 
samples, showing no evidence of photo synthetic tissue, were collected from selected plants of 
the study species: 
1) smooth brome grass (Bromus inermis) from the CRP Pasture site 
2) big bluestem (Andropogon gerardii) from the Restored Prairie 
3) oak (Quercus alba) from the Degraded Woodland site 
4) buckbrush (Symphoricarpos orbiculatas) from the Degraded Woodland site 
5) sedge (Carex sp.) from the Degraded Woodland site 
6) oak (Quercus alba) from the Restored Savanna site 
7) buckbrush (Symphoricarpos orbiculatas) from the Restored Savanna site 
8) sedge (Carex sp.) from the Restored Savanna site 
9) soybean (Glycine max) from the Soybean Field site 
10) corn (Zea mays) from the Corn Field site 
Stem tissues were clipped from the plants at least two hours after sunrise to ensure the 
establishment of isotopic steady-state conditions. Collected soil and plant tissue samples 
were immediately placed in 20 mL scintillation vials and tightly closed with Teflon-sealed 
caps and wrapped in Parafim to prevent evaporative fractionation prior to the isotopic 
analysis. Additionally, vials were kept at approximately 3°C to prevent microbial 
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decomposition. This sampling scheme was performed monthly for five months to capture 
temporal changes in the source of water uptake during a growing season. 
Isotope Analysis 
During the determination of the oxygen isotopic composition of plant and soil 
samples the composition of internal water standards was also determined. These standards 
allowed the soil and plant samples to be normalized to the V-SMOW/SLAP scale (Nelson, 
2000). The standards consisted of 0.5 mL aliquots of water standard injected with a gas tight 
syringe into exetainer™ tubes that were flushed with a mixture of 0.5% CO% in helium for 
ten minutes to remove atmospheric CO2. The standards were then integrated into the sets of 
plant and soil samples at approximately every 10th sample analyzed by the mass 
spectrometer. The isotope results are reported in the standard per mil (%c) notation relative to 
VSMOW. 
Soil Samples 
Water was extracted from soil samples and its isotopic concentrations determined by 
a continuous flow method via equilibration with CO2 using a Finnigan Gas-Bench II fitted to 
a Finnigan Delta Plus XL isotope mass-spectrometer (Scrimgeour, 1995). A mixture of 0.5% 
CO2 in helium was used to flush 12 mL exetainer™ tubes (Labco Limited, UK) at a rate of 
100 mL/min for a period of two minutes. Then, aliquots of approximately 1 cc of each soil 
sample were placed in the flushed tubes. Once the soil samples were transferred the tubes 
were immediately capped and then allowed to equilibrate at 25 0 C for 24 hours. 
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Due to variation in soil moisture contents and soil volumes between exetainer™ tubes 
the amount of soil water that each tube contained was determined gravimetric ally. The 
disparity was determined by calculating the difference between the weight of tubes with soil 
prior to the isotopic analysis and the weight of the tubes with dried soil. The water was 
removed from the soils by placing the tubes in an oven for at least 48 hours set at a 
temperature of 100 °C. 
Plant Tissue Samples 
Water was extracted from plant tissue samples in the same manner as that employed 
for soil water. A similar amount of stem tissue sample, as compared to soil, was placed in the 
exetainer™ tubes. The chief difference in the extraction of water from plant tissue versus soil 
was that the amount of time that samples were allowed to equilibrate was increased. Once 
plant tissue samples had been placed in the flushed tubes they were allowed to equilibrate for 
at least 72 hours. This extended equilibration period was to ensure the achievement of 
steady-state isotopic conditions inside the tubes (Scrimgeour, 1995). Measurements of stable 
isotope concentration of soil and stem water samples were used to calibrate depth-isotope 
relationships. 
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Results: 
Precipitation Monitoring 
Weather Station 
Daily averages for rainfall, air temperature, solar radiation, wind speed, and humidity 
were derived from hourly data taken by the weather station (Figures 8-14). In measuring the 
rainfall at multiple sites, variations in the data from site to site were found to be negligible. 
Therefore, in this study it is unlikely that differences in the data are related to differences in 
the amount of rainfall that each site received. Rain event totals for 1964-2004 were compiled 
in order to compare them to the total from 2005 (Figure 8). In 2005 from 4/15 - 9/15, the 
total rainfall was lower (433 mm) than the totals from 30 of the previous 40 years. Compared 
to the average rainfall from 1964-2004 it rained less in 2005 from mid-June to mid-July 
(2005: 0.75 mm; 1964-2004: 3.59 mm) but more from mid- April to mid-May (2005: 5.14 
mm; 1964-2004: 3.48 mm) and mid- July to mid- August (2005: 4.59 mm; 1964-2004: 2.92 
mm). 
Rain events totaling < 5 mm in one day were considered to have little discernible 
impact on the hydrological balance of the site. Major rainfall events (> 5 mm) were plotted 
separately to provide an overall illustration of rainfall patterns (Figure 9). Periods of high 
rainfall (> 50 mm in 1 week) occurred from 4/20 - 4/26 (50.0 mm), 5/8 - 5/14 (105.6 mm), 
6/4 - 6/10 (52.0 mm), 7/18 - 7/24 (61.2 mm), and 7/25 - 7/31 (60.4 mm). The highest amount 
of rainfall recorded in one day (56 mm) occurred on 5/12. The average daily rainfall over the 
entire sampling period was 2.8 mm. 
Further analysis of rainfall patterns based on the number of consecutive days with no 
rainfall (Figure 10) showed that extended no-rain (dry) periods occurred from 4/27 - 5/7 (11 
days), 6/14 - 6/24(11 days), 7/5 - 7/17 (13 days), and 8/27 - 9/7 (12 days). These same 
patterns were reflected in the low values for the throughfall and surface soil moisture data. 
The sampling period averages for the remaining weather information were: air 
temperature 19.84 °C (Figure 11), solar radiation 253.91 W/m2 (Figure 12), wind speed 4.71 
km/hr (Figure 13), and humidity 76.24 % (Figure 14). 
Rainfall 
1964-2004 
Average 
Figure 8: Rainfall amount (in mm) from two weeks prior to the sampling period (4/15/05) to the 
end of the sampling period (9/15/05) with a line indicating the average of the previous 40 years. 
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Figure 9: Rainfall measurements above 5 mm, illustrating dates of significant precipitation levels from two 
weeks prior to the sampling period (4/15/05) to the end of the sampling period (9/14/05). 
Figure 10: Number of consecutive days with no rain, illustrating significant dry periods from two weeks 
prior to the sampling period (4/15/05) to the end of the sampling period (9/15/05). 
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Figure 11 : Measurement of air temperature (in 0 C) from two weeks prior to the 
sampling period (4/15/05) to the end of the sampling period (9/15/05). 
Solar Radiation 
Figure 12: Measurement of solar radiation (W/m2) from two weeks prior to the 
sampling period (4/15/05) to the end of the sampling period (9/15/05). 
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Figure 13: Measurement of wind speed (in km/hr) from two weeks prior to the 
sampling period (4/15/05) to the end of the sampling period (9/15/05). 
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Figure 14: Measurement of humidity (in %) two weeks prior to the sampling 
period (4/15/05) to the end of the sampling period (9/15/05). 
Throughfall Levels 
Throughfall data provides information on how different vegetative cover types 
influence the amount of precipitation that reaches the soil surface (Figure 15). Periods of 
high throughfall reflect times of higher rainfall while periods of low throughfall reflect times 
of lower rainfall. Throughfall ranged from 33-61 % at the beginning of the sampling period 
(5/2) while throughfall was between 13-32 % at the end of the sampling period (9/14). 
The highest throughfall occurred on 8/2 and was recorded in the Degraded Woodland site 
(111 %), whereas the lowest level occurred in the Corn Field (5 %) on 7/15. 
The greatest degree of variation among cover types was observed during periods of 
high rainfall that correspond to periods of high throughfall. For the three periods of high 
throughfall (5/16, 6/15, and 8/2) notable differences (p-value: > .05) separating throughfall 
levels across the six sites were not present (Table 1). The cause of this highly variable data 
occurring during periods of high throughfall is uncertain. Possible explanations include: 
varying evaporative water losses, debris obstructing drainage tubes between samplings, or 
simply fewer throughfall collectors per site than needed for reliable results. 
In contrast, throughfall was lowest across all vegetative cover types on 6/2, 7/1, 7/15, 
8/15, 9/1, and 9/14 (Figure 15). On these days the average difference in throughfall among 
sites was only 12.9 % due to little or no precipitation. Low throughfall levels coincide with 
periods of little or no rain and illustrate noticeable disparities that exist from site to site 
(Table 1). 
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Figure 15: Volumetric measurement of throughfall (expressed as a percentage of the total rainfall between 
sampling times) taken approximately every 2 weeks from 5/2/05 to 9/14/05 for the six different cover types. 
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Table 1: Compilation of rainfall (mm), surface soil moisture (m3 m™3), and throughfall (%) data taken 
approximately every 2 weeks from 5/2/05 to 9/14/05 for six different cover types. 
Total 
Rainfall 
1 wk. 
Prior 
(mm) 
Total 
Rainfall 
2 wks. 
Prior 
(mm) 
Surface 
Soil 
Moisture 
(m3 m"3) 
STD 
ER 
LSD 
/ Date 
% 
Through 
fall 
STD 
ER 
LSD/ 
Date 
May 2 CRP Pasture 3.6 50.4 0.195 b 0.006 0.106 33.0 a 0.093 0.598 
Restored Prairie 0.342 a 0.024 52.0 a 0.062 
Degraded Woodland 0.322 a 0.030 60.6 a 0.092 
Restored Savanna 0.251 a,b 0.110 38.0 a 0.373 
Soybean Field 0.330 a 0.030 55.2 a 0.125 
Corn Field 0.237 a,b 0.053 60.8 a 0.055 
May 16 CRP Pasture 104.6 106.0 0.322 d,c 0.014 0.051 53.7 a 0.097 0.418 
Restored Prairie 0.400 a 0.010 67.2 a 0.121 
Degraded Woodland 0.338 b,c 0.050 52.7 a 0.051 
Restored Savanna 0.367 a,b,c 0.013 106.5 a 0.238 
Soybean Field 0.380 a,b 0.006 71.8 a 0.158 
Corn Field 0.275 d 0.041 94.2 a 0.042 
June 2 CRP Pasture 2.4 8.6 0.097 c 0.022 0.087 25.1 a 0.066 0.318 
Restored Prairie 0.156 b,c 0.044 18.9 a,b 0.084 
Degraded Woodland 0.202 a,b 0.050 8.7 c 0.038 
Restored Savanna 0.183 a,b,c 0.067 16.8 b,c 0.224 
Soybean Field 0.263 a 0.072 25.7 a 0.028 
Corn Field 0.237 a,b 0.042 25.4 a 0.007 
June 15 CRP Pasture 36.6 59.4 0.263 b,c 0.026 0.063 71.9 a,b 0.087 0.347 
Restored Prairie 0.330 a 0.029 73.1 a,b 0.069 
Degraded Woodland 0.301 a,b 0.061 87.6 a 0.037 
Restored Savanna 0.302 a,b 0.010 58.7 a,b 0.214 
Soybean Field 0.330 a 0.026 45.9 b 0.081 
Corn Field 0.217 c 0.050 70.6 a,b 0.100 
July 1 CRP Pasture 15.8 15.8 0.171 a,b 0.024 0.063 22.8 a,b 0.020 0.250 
Restored Prairie 0.196 a 0.042 15.3 d,c 0.076 
Degraded Woodland 0.118b 0.016 18.4 b,d,c 0.059 
Restored Savanna 0.189 a 0.050 14.0 d 0.168 
Soybean Field 0.232 a 0.039 27.7 a 0.037 
Corn Field 0.195 a 0.042 21.6a,b,c 0.016 
July 15 CRP Pasture 0.0 6.8 0.075 a 0.013 0.052 6.3 b,c 0.056 0.221 
Restored Prairie 0.118a 0.029 6.7 b,c 0.085 
Degraded Woodland 0.082 a 0.008 7.8 b 0.092 
Restored Savanna 0.113a 0.027 6.6 b,c 0.099 
Soybean Field 0.100 a 0.044 14.0 a 0.028 
Corn Field 0.017 b 0.046 4.6 c 0.039 
Aug. 2 CRP Pasture 37.6 86.8 0.260 c 0.021 0.035 75.8 a,b 0.043 0.267 
Restored Prairie 0.325 a 0.022 61.3 a,b 0.004 
Degraded Woodland 0.314 a,b 0.020 111.2a 0.042 
Restored Savanna 0.328 a 0.018 67.2 a,b 0.155 
Soybean Field 0.339 a 0.009 81.9 a,b 0.096 
Corn Field 0.289 b,c 0.032 45.4 b 0.022 
Aug. 15 CRP Pasture 19.8 20.6 0.186 c 0.029 0.068 15.5 a 0.016 0.288 
Restored Prairie 0.258 a,b 0.047 14.2 a 0.083 
Degraded Woodland 0.207 b,c 0.055 19.3 a 0.038 
Restored Savanna 0.266 a,b 0.032 18.0 a 0.199 
Soybean Field 0.316 a 0.041 18.8 a 0.032 
Corn Field 0.284 a 0.036 8.8 a 0.057 
Sept. 1 CRP Pasture 7.8 9.2 0.047 d 0.019 0.043 6.7 a 0.010 0.487 
Restored Prairie 0.111 c 0.024 6.1 a 0.118 
Degraded Woodland 0.075 c,d 0.016 14.2 a 0.125 
Restored Savanna 0.101 c 0.015 10.3 a 0.159 
Soybean Field 0.217a 0.033 11.4a 0.173 
Corn Field 0.158 b 0.037 7.7 a 0.255 
Sept. 15 CRP Pasture 27.0 27.0 0.233 a 0.042 0.076 31.8 a 0.079 0.686 
Restored Prairie ** ** 21.8 a 0.253 
Degraded Woodland 0.133 b 0.015 27.0 a 0.144 
Restored Savanna 0.172 a,b 0.069 27.8 a 0.361 
Soybean Field 0.222 a 0.017 13.0 a 0.106 
Corn Field 0.166 a,b 0.033 18.3 a 0.160 
* Surface soil moisture and throughfall values for each site within each date followed by the same letter(s) (a-d) 
are not significantly different from each other at the 0.05 probability level. 
** Missing data points. 
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Measurements of Soil Moisture 
Theta Probe 
The soil moisture for the top 6 cm indicated three localized periods of high surface 
soil moisture ranging 0.28 - 0.40 m3 m"3 on 5/16, 0.22 - 0.33 m3 m"3 on 6/15, and 0.26 - 0.33 
m3 m"3 on 8/2 and three periods of low surface soil moisture ranging 0.09 - 0.26 m3 m"3 on 
6/2, 0.02 - 0.12 m3 m"3 on 7/15, and 0.05 - 0.22 m3 m"3 on 9/1 over the sampling period 
(Figure 16). The same pattern present in rainfall data is also present in the surface soil 
moisture data. 
The first periods of high surface soil moisture (5/16) had the highest individual 
reading for the sampling period (Restored Prairie: 0.40 m3 m"3). An increase in soil moisture 
levels was observed for nearly all of the sites during the first two weeks of the sampling 
period with the exception of the Corn Field site (0.28 m3 m"3). All sites showed statistically 
significant differences (p-value: < .05) on 5/16. The moisture level for the Corn Field site 
increased from 0.24 m3 m"3 to 0.28 m3 m"3 (5/2 - 5/16). Values then decline from 0.28 m3 m"3 
(5/16) to 0.22 m3 m"3 (6/15) while the surface soil moisture contents of the five other sites 
increased (average on 6/15: 0.31 m3 m"3) (Figure 16). 
The second point of high surface soil moisture (6/15) shows lower levels averaging 
0.29 m3 m"3 as compared to the 0.35 m3 m"3 average for the first point (5/16). The highest 
surface soil moisture levels recorded (6/15) were in the Soybean Field (0.33 m3 m"3) and the 
Restored Prairie (0.33 m3 m"3) sites. On 7/1 and 7/15 the Soybean Field site maintained 
moderately high levels relative to the other six sites. Conversely, on 7/15 the Corn Field site 
had the lowest recorded moisture value (0.02 m3 m"3) for the sampling period. The Corn 
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Field site values on 7/15 demonstrated statistically significant differences (p-value: < .05) as 
compared to the CRP Pasture, Restored Prairie, Restored Savanna, Degraded Woodland, and 
the Soybean Field. 
The third period of high surface soil moisture occurred on 8/2 and 8/15. The Soybean 
Field exhibited the highest surface soil moisture on 8/2 and 8/15 with values of 0.34 m3 m"3 
and 0.32 m3 m"3 respectively. On 8/15, statistically significant differences were present for all 
sites with the exception of the Soybean Field and the Corn Field as well as the Restored 
Prairie and the Restored Savanna which showed no differences. The lowest coefficient of 
variation (CV= 8.76) between all six sites over the five-month sampling period occurred on 
8/2 during a period of high surface soil moisture across all sites (average: 0.31 m3 m"3). 
Subsequent to the August sampling points, the moisture levels for the CRP Pasture, Restored 
Prairie, Degraded Woodland, and Restored Savanna sites declined to 0.11 m3 m"3 or below. 
In contrast, moisture levels in the agricultural sites (Corn Field and Soybean Field) remained 
comparatively higher (8/15 and 9/1). 
A noteworthy consideration is that surface soil moisture for the Corn Field site 
deviated from the temporal pattern observed in the other sites. The surface soil moisture in 
the other agricultural site (Soybean Field) sometimes fluctuated in relation to other study 
sites but that of the Corn Field site showed the most irregular pattern of all of the sites 
studied. 
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Surface Soil Moisture 
Figure 16: Theta probe volumetric moisture measurement (in m3 m"3) of the surface layer (top 6 cm) of soil 
taken approximately every 2 weeks from 5/2/05 to 9/14/05 for six different cover types. 
Groundwater Levels 
The groundwater levels declined steadily throughout the growing season (Figure 17). 
During the sampling period the Degraded Woodland was only one site that deviated 
significantly from the other sites studied. At the start of the sampling period (5/2) the depth 
to groundwater for all sites, except the Degraded Woodland site, was between 1.05 m and 
2.64 m below the ground surface (Figure 17). 
The groundwater level at the Degraded Woodland site was at a comparatively deeper 
depth (5.92 m) relative to the other sites on May 2nd while the average groundwater level for 
the CRP Pasture, Restored Prairie, Degraded Woodland, Soybean Field and Restored 
Savanna sites was 1.66 m. Groundwater levels for all sites followed a similar trend from 7/15 
to 9/14, with the depth to the water table generally increasing (Figure 17). 
Groundwater levels for all sites, with the exception of the Degraded Woodland, 
ranged from 3.5 to 3.79 m on 9/14, whereas, the Degraded Woodland had a depth of 7.29 m. 
Over the five-month sampling period, groundwater levels in the CRP Pasture, Restored 
Prairie, Restored Savanna, and Soybean Field sites decreased by an average of 2.71 m. 
Groundwater Levels 
/  y y /y /  y/y y 
••—CRP Pasture 
*- Restored Prairie 
*- Degraded Woodland 
Restored Savanna 
Soybean Field 
° Corn Field 
Figure 17: Depth (in m) below the ground surface to the groundwater source (water table) taken approximately 
every 2 weeks from 5/2/05 to 9/14/05 for six different cover types. 
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Oxygen Isotope Ratios 
Soil Samples 
The monthly ô180 values for soil water extracted from the different depths of the soil 
profile are illustrated in Table 2 and Figures 18-22. 
On 5/2, the values at all sites were highly variable (Figure 18) but they became 
increasingly similar by 9/1 exhibiting more uniformity (Figure 22). In general, major shifts in 
the soil water ô180 values across all six sites occurred early in the sampling period (May and 
June) and at shallower depths (5 to 60 cm). 
The highest ô180 values (i.e., greatest 180 enrichment) across all six sites and in all 
five months occurred in the top 5 cm of the soil profile. In addition, the lowest soil water 
ô180 values were generally present at the 150 cm and groundwater depths. There was little or 
no change in the ô180 between the 150 cm sample and the groundwater sample (average 
difference is 0.36 %c). 
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Table 2: Soil water 8lsO values and standard error for all sites at all dei Jths (in cm). 
Mav 3 June 2 Julv 2 Aua. 2 Seat. 1 
Site - Sample 6 wO STD ER S 
wO STD ER S 
wO STD ER 8 
wO STD ER 8
1sO STD ER 
CRP Pasture - 0-5 -0.233 0.049 0.268 0.056 -1.073 0.054 -1.292 0.049 1.206 0.026 
CRP Pasture - 5-10 -5.596 0.147 -3.143 0.064 -3.864 0.070 -3.260 0.087 -2.795 0.051 
CRP Pasture -10-20 -7.120 0.066 -3.614 0.061 -5.495 0.318 -4.857 0.061 -5.934 0.049 
CRP Pasture - 20-40 -8.655 0.088 -6.932 0.036 -6.466 0.105 -5.570 0.063 -6.802 0.059 
CRP Pasture - 40-60 -7.577 0.156 -7.652 0.065 -6.466 0.105 -6.233 0.068 -7.429 0.027 
CRP Pasture - 60-80 -7.366 0.055 -7.449 0.069 -6.667 0.050 -6.465 0.062 -7.860 0.027 
CRP Pasture - 80-100 -7.546 0.003 -8.227 0.059 -6.764 0.201 -6.393 0.018 -7.908 0.022 
CRP Pasture -100-150 -7.354 0.041 -8.711 0.088 -7.061 0.139 -6.280 0.054 -8.097 0.017 
CRP Pasture - GW" -8.175 0.021 -8.540 0.097 -8.045 0.526 -6.358 0.046 -7.981 0.133 
Restored Prairie - 0-5 -5.033 0.016 0.453 0.048 -2.505 0.058 -1.487 0.017 -2.383 0.042 
Restored Prairie - 5-10 -9.273 0.106 -4.386 0.060 -5.724 0.100 -4.785 0.038 -4.522 0.044 
Restored Prairie - 10-20 -10.093 0.016 -8.202 0.046 -6.916 0.076 -5.556 0.064 -6.686 0.046 
Restored Prairie - 20-40 -7.260 0.042 -8.205 0.030 -7.556 0.055 -6.464 0.040 -8.069 0.045 
Restored Prairie - 40-60 -6.986 0.069 -7.414 0.064 -7.376 0.050 -6.992 0.029 -8.282 0.101 
Restored Prairie - 60-80 -7.148 0.056 -7.554 0.059 -7.154 0.035 -7.154 0.066 -7.959 0.079 
Restored Prairie - 80-100 -7.278 0.048 -7.531 0.068 -6.979 0.046 -7.036 0.064 -7.720 0.076 
Restored Prairie - 100-150 -7.026 0.007 -7.102 0.049 -7.179 0.039 -6.960 0.064 -7.852 0.054 
Restored Prairie - GW** -7.171 0.017 -7.120 0.142 -8.997 1.778 -6.732 0.142 -7.763 0.106 
Degraded Woodland - 0-5 -3.268 0.322 -2.657 0.086 -2.340 0.072 -1.742 0.041 -1.641 0.032 
Degraded Woodland -5-10 -5.438 0.002 -3.843 0.038 -3.498 0.141 -4.451 0.036 -4.064 0.042 
Degraded Woodland -10-20 -9.915 0.060 -4.545 0.033 -3.886 0.080 -5.754 0.021 -5.780 0.113 
Degraded Woodland - 20-40 -9.938 0.055 -7.665 0.073 -4.700 0.053 -6.390 0.047 -7.786 0.043 
Degraded Woodland - 40-60 -7.437 0.117 -9.851 0.044 -6.159 0.080 -6.881 0.027 -8.251 0.038 
Degraded Woodland - 60-80 -7.652 0.006 -9.306 0.052 -6.466 0.071 -7.319 0.029 -8.139 0.044 
Degraded Woodland - 80-100 -7.644 0.018 -8.971 0.038 -6.635 0.060 -7.133 0.021 -7.949 0.077 
Degraded Woodland - 100-150 -7.870 0.006 -8.153 0.114 -7.232 0.078 -3.474 0.019 -7.903 0.034 
Degraded Woodland - GW** -7.795 0.018 -8.107 0.126 -7.981 0.092 -6.697 0.098 -7.981 0.112 
Restored Savanna - 0-5 -5.526 0.009 -2.758 0.257 -1.879 0.072 0.962 0.019 -0.959 0.036 
Restored Savanna -5-10 -6.311 0.029 -4.866 0.047 -3.622 0.084 -2.130 0.039 -3.923 0.055 
Restored Savanna - 10-20 -7.328 0.235 -6.506 0.043 -5.373 0.101 -4.866 0.037 -5.882 0.070 
Restored Savanna - 20-40 -10.597 0.089 -8.113 0.036 -7.721 0.385 -5.552 0.039 -8.053 0.075 
Restored Savanna - 40-60 -10.568 0.018 -8.214 0.063 -7.781 0.020 -6.232 0.063 -8.466 0.048 
Restored Savanna - 60-80 -7.241 0.024 -7.812 0.064 -7.891 0.073 -6.620 0.076 -8.284 0.022 
Restored Savanna - 80-100 -7.535 0.003 -8.099 0.051 -7.669 0.053 -6.923 0.047 -7.901 0.028 
Restored Savanna - 100-150 -7.605 0.021 -6.730 0.045 -7.668 0.087 -7.141 0.045 -7.640 0.030 
Restored Savanna - GW** -7.764 0.019 -8.125 0.214 -7.935 0.146 -7.205 0.016 -7.652 0.154 
Soybean Field - 0-5 -3.250 0.136 4.776 0.051 1.008 0.121 0.347 0.028 0.370 0.016 
Soybean Field - 5-10 -9.000 0.128 -1.680 0.026 -4.257 0.099 -3.281 0.029 -4.306 0.055 
Soybean Field - 10-20 -8.795 0.095 -6.864 0.050 -5.618 0.035 -5.169 0.025 -6.549 0.414 
Soybean Field - 20-40 -6.271 0.009 -8.443 0.046 -6.317 0.142 -6.017 0.021 -6.914 0.069 
Soybean Field - 40-60 -6.243 0.121 -7.244 0.035 -6.664 0.036 -6.512 0.024 -6.559 0.041 
Soybean Field - 60-80 -6.342 0.004 -6.963 0.052 -6.707 0.097 -6.786 0.021 -6.751 0.055 
Soybean Field - 80-100 -6.356 0.094 -5.720 0.027 -6.855 0.085 -7.055 0.029 -7.060 0.037 
Soybean Field - 100-150 -6.271 0.071 -6.651 0.223 -6.878 0.065 -7.058 0.024 -7.326 0.023 
Soybean Field - GW** -6.750 0.019 -6.880 0.089 -7.658 0.124 -6.853 0.065 -7.449 0.078 
Corn Field - 0-5 -0.144 0.044 7.699 0.052 2.364 0.034 0.782 0.028 -0.271 0.028 
Corn Field - 5-10 -8.136 0.025 -2.774 0.040 -1.091 0.127 -3.649 0.038 -4.774 0.045 
Corn Field - 10-20 -9.794 0.027 -5.607 0.045 -3.387 0.088 -5.633 0.069 -6.432 0.029 
Corn Field - 20-40 -9.068 0.001 -6.829 0.046 -5.155 0.063 -6.472 0.012 -6.928 0.034 
Corn Field - 40-60 -8.650 0.098 -7.972 0.100 -5.931 0.070 -6.858 0.035 -7.241 0.038 
Corn Field - 60-80 -7.706 0.024 -7.706 0.061 -6.379 0.043 -6.732 0.058 -7.544 0.037 
Corn Field - 80-100 -7.204 0.004 -7.195 0.051 -6.663 0.092 -6.905 0.079 -7.261 0.042 
Corn Field - 100-150 -7.253 0.002 -6.935 0.051 -6.869 0.053 -7.236 0.071 -7.602 0.052 
Corn Field - GW** -6.870 0.008 -7.183 0.079 -7.232 0.130 -7.273 0.120 -7.479 0.149 
** GW stands for groundwater. 
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Figure 18: Soil water 8lsO values for six 
different cover types at different soil depths 
(in cm) below ground surface on 5/3/05. 
Figure 19: Soil water 8lsO values for six different 
cover types at different soil depths (in cm) below 
ground surface on 6/2/05. 
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Figure 20: Soil water 5lsO values for six 
different cover types at different soil depths 
(in cm) below ground surface on 7/2/05. 
Figure 21: Soil water 5lsO values for six different 
cover types at different soil depths (in cm) below 
ground surface on 8/2/05. 
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Figure 22: Soil water 8lsO values for six 
different cover types at different soil depths (in cm) 
below ground surface on 9/1/05. 
Plant Tissue Samples 
The ô180 values for the plant material samples from the ten different plants species 
taken from their respective sites differed by 2.79 %o between the highest and lowest values, 
excluding the highly variable (4.90 %o) sedge and buckbrush (Table 3; Figure 23). The big 
bluestem had the most consistent values with a difference of only 1.38 %o from its highest to 
its lowest value over the entire sampling period. 
The 5180 values for the sedge were positive on several occasions, with the highest 
being 1.13 %o in July at the Restored Savanna site. For buckbrush, the lowest ô180 value was 
-9.71 %c, which is comparable to the lowest ô180 plant material value of -10.00 %o for the 
oaks in the Restored Savanna. Throughout the sampling period the ô180 values showed 
significant interaction between date and plant for the oaks and the buckbrush plant species 
(p-value < .05). Yet, in both the Restored Savanna and the Degraded Woodland sites the 5I80 
value for buckbrush reached as high as -5 %o. No temporal trend could be identified due to 
significant interaction (p-value < .05) across all ten plant species over the sampled period 
(May 3rd was excluded from this statistical analysis due to the absence of corn and soybean 
data). 
In general, the oaks in the Restored Savanna and Degraded Woodland sites 
consistently had the lowest ô180 values ranging from -10.00 to -6.58 %o, whereas the sedge, 
big bluestem, and brome grass consistently had the highest values ranging from -6.77 to 1.13 
%o. The corn and soybean plants ôl80 values were similar ranging from -6.37 to -2.88 %c and 
represented intermediate values as compared to other species. 
Table 3: Stem water 8lsO values and standard error for ten plant species at six different sites taken monthly 
from 5/3/05 to 9/1/05. 
Site: Sample 
Mav3 June 2 Julv 2 Au a. 2 Sept. 1 
51sO STD ER 5180 
STD 
ER 5
1sO STD ER S180 
STD 
ER s
18o 
STD 
ER 
CRP Pasture: 
Brome grass -6.626 0.074 -5.139 O.OTB -3.994 0.099 -2.806 0.191 -5.282 0.151 
Restored Prairie: 
Big Bluestem -5.924 0.076 -6.626 0.149 -6.240 0.099 -5.393 0.286 -6.770 0.099 
Degraded Woodland: 
Sedge 0.584 0.118 -3.960 0.061 -1.551 0.119 -1.091 0.195 -0.400 0.168 
Degraded Woodland: 
Buckbrush -8.966 0.132 -5.063 0.189 -5.668 0.131 -5.084 0.170 -6.207 0.169 
Degraded Woodland: 
Oak -8.752 0.134 -6.818 O.OT5 -8.241 0.071 -6.888 0.116 -8.110 0.172 
Restored Savanna: 
Sedge -2.055 0.096 -4.582 0.083 1.128 0.206 -0.440 0.156 0.570 0.167 
Restored Savanna: 
Buckbrush -9.706 0.059 -6.617 0.039 -5.610 0.080 -4.256 0.219 -5.905 0.142 
Restored Savanna: 
Oak -10.001 0.053 -6.576 0.219 -7.213 0.190 -7.619 0.221 -7.650 0.147 
Soybean Field: 
Soybean 
no 
plant -2.880 0.175 -5.834 0.189 -4.537 0.176 -6.325 0.171 
Corn Field: 
Corn 
no 
plant -3.651 0.043 -3.794 0.141 -3.834 0.213 -6.367 0.142 
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Figure 23: 5 O values (x axis) for ten plant species samples taken monthly (y axis) 
from 5/3/05 to 9/1/05 for six different cover types. 
***Corn and soybean stem water 5lsO values were not available on May 3rd because 
plants had not emerged. 
Oxygen Isotope Analysis 
5i80 Soil and Plant Water Point(s) of Intersection 
The probable depth of water uptake for a plant was determined graphically by 
analyzing the ô180 value for that plant and its corresponding S180 soil water values. The 
point(s) of intersection (i.e. matches) between the 5180 plant water line and the 5180 soil 
water curve was interpreted to indicate the probable depth at which that plant was obtaining 
the majority of its water. 
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Figure 24: May 3, 2005 S180 soil water values for four different sites and SlsO stem water values: a) 
brome grass; b) big bluestem; c) sedge, buckbrush, oak; d) sedge, buckbrush, oak. 
***Corn and soybean SlsO stem water was not available on May 3rd because plants had not emerged. 
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Figure 25: June 2, 2005 8lsO soil water values for six different cover types and 8lsO stem water values: 
a) brome grass; b) big bluestem; c) sedge, buckbrush, oak; d) sedge, buckbrush, oak; e) soybean; f) corn. 
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Figure 26: July 2, 2005 8 O soil water values for six different cover types and 8 O stem water values: 
a) brome grass; b) big bluestem; c) sedge, buckbrush, oak; d) sedge, buckbrush, oak; e) soybean; f) corn. 
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Figure 27: August 2, 2005 5 O soil water values for six different cover types and ô O stem water 
values: a) brome grass; b) big bluestem; c) sedge, buckbrush, oak; d) sedge, buckbrush, oak; e) soybean; 
f) corn. 
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Figure 28: September 1, 2005 8 O soil water values for six different cover types and 8 O stem water 
values: a) brome grass; b) big bluestem; c) sedge, buckbrush, oak; d) sedge, buckbrush, oak; e) soybean; 
f) corn. 
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Probable Depth of Water Uptake as Indicated by S180 Values of Soil and Stem Water 
The possible depths from which the ten plant material samples were extracting water 
are summarized in Table 4 and Figure 29. 
Analyzing ô180 soil and stem water values necessitates a certain degree of 
interpretation because clear matches were not always present (i.e. no intersection / multiple 
points of interaction) (Figure 27c). The 5180 soil and stem water values indicate these to be 
the most probable depths from which the plants were taking up water. Instances of no 
discrete point of intersection (match) were noted (Table 4) and the most probable match 
reported. 
It is apparent that during the sampling period the depth of the dominant source of 
water uptake varied throughout the growing season for many of the plant species sampled 
(Figure 29). Differences may appear minor but distinctions were identified in the grass 
species (i.e. on 5/3 big bluestem: 0-5 cm; brome grass: 10-20 cm) as well as the crops found 
in the agricultural fields. From June through September the big bluestem (Restored Prairie 
site) and the corn (Corn Field site) alternated depths from which they obtained water between 
5-10 and 10-20 cm. While clear points of intersection were limited, the ô180 values indicate 
that the sedge in both the Restored Savanna and the Degraded Woodland sites obtained water 
from no deeper than 5-10 cm. The differences in probable depth of water uptake for the 
herbaceous species (0-5 and 10-20 cm) were substantial but they were nowhere near the 
magnitude of those found in the woody species (5-10 cm to GW). 
The woody species (oak and buckbrush) growing in the Degraded Woodland and 
Restored Savanna sites had the most unpredictable pattern. The buckbrush in the Degraded 
Woodland site was apparently utilizing water from levels as shallow as 5-10 cm and as deep 
as 40-60 cm. Discrete points of intersection for the oak trees were not clearly defined in 
several instances. However, the oaks in both the Degraded Woodland and the Restored 
Savanna sites seemed to be taking water from as shallow as 20-40 cm as well as from deeper 
levels, possibly including groundwater. 
The majority of the plant species, with the exception of buckbrush in both Restored 
Savanna and Degraded Woodland sites, obtained water from as deep or deeper depths at the 
end of the sampling period as compared to the beginning. A slight downward trend in depth 
of water uptake was apparent. 
Table 4: Point(s) of intersection for soil profile trends and plant material values resulting from 5lsO analysis of 
soil samples and plant material. 
Site: Sample Mav3 June 2 Julv2 Auaust 2 September 1 
CRP Pasture: Brome grass 10-20 10-20 5-10 5-10 10-20 
Restored Prairie: Big Bluestem 0-5 10-20 5-10 10-20 10-20 
Degraded Woodland: Sedge 0-5* 5-10 0-5* 0-5* 0-5* 
Degraded Woodland: Buckbrush 10-20/20-40 10-20 40-60 5-10* 10-20 
Degraded Woodland: Oak 10-20/20-40 20-40 GW* 80-100* 40-60 / 60-80 
Restored Savanna: Sedge 0-5* 5-10 0-5* 0-5 0-5* 
Restored Savanna: Buckbrush 20-40 / 40-60 10-20 10-20 10-20 10-20 
Restored Savanna: Oak 20-40 / 40-60 10-20 20-40 GW* 20-40 / GW 
Soybean Field: Soybean no plant 5-10 10-20 10-20 10-20 
Corn Field: Corn no plant 5-10 10-20 5-10 10-20 
* indicates the nearest probable match in the case of no intersection or more than two points of intersection. 
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Probable Depth of Water Uptake as Indicated by d 180 Analysis 
3-May 2-Jun 2-Jul 2-Aug 1-Sep 
m 
10-20 
20-40 
40-60 
cm 
60-80 
80-100 
100-150 
GW 
r 
• CRP Pasture: 
Bromegrass 
• Restored Prairie: 
Big Bluestem 
• Degraded Woodland: 
Sedge 
• Degraded Woodland: 
Buckbrush 
• Degraded Woodland: 
Oak 
• Restored Savanna: 
Sedge 
• Restored Savanna: 
Buckbrush 
• Restored Savanna: 
Oak 
• Soybean Field: 
Soybean 
• Corn Field: 
Corn 
Figure 29: Probable depth (in cm) below ground surface of water uptake for all ten plant species as indicated by 
points of intersection of soil and plant material 5lsO data. 
Discussion: 
When plotted graphically the trends in the rainfall, throughfall, and surface soil 
moisture data displayed similar patterns over the sampling period. In the throughfall (Figure 
15) periods of high throughfall (5/16, 6/15, and 8/2) corresponded with periods of high 
rainfall (> 50mm in 1 week) in the rainfall data (Figure 3) (105.6mm from 5/8 - 5/14, 
52.0mm from 6/4 - 6/10, and a combined 121.6 mm for the weeks of 7/18 - 7/24 and 7/25 -
7/31). Interannual variability in rainfall quantity has been found to affects productivity more 
in grasslands than in all other biomes in North America (Knapp and Smith, 2001). Periods of 
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low rainfall, throughfall, and surface soil moisture levels corresponded on 6/2, 7/15, and 9/1. 
Wraith et al. (1995) show that drought or low moisture levels reduce root activity especially 
in near-surface roots. 
A correlation between the aforementioned periods of high rainfall and periods of high 
surface soil moisture occurred on 5/16, 6/15, and 8/2. In the grasslands of northeastern 
Kansas a rainfall manipulation study showed that patterns of more frequent rainfall produced 
higher soil water contents as compared to less frequent rainfall events that amounted to the 
same quantity (Fay et al., 2003). Volk et al. (2000) reported similar temporal changes in soil 
moisture in response to changes in the temporal pattern of rainfall inputs in the controlled 
environment of a greenhouse. In addition, it has been found that land use and the spatial 
distribution patterns of plants contribute to variations in soil moisture (Fu et al., 2003) and 
throughfall (Nadkarni and Sumera, 2004). 
The surface soil moisture within the CRP Pasture site was most often below that of 
the other five sites. The average surface soil moisture for the CRP Pasture over the entire 
sampling period was the lowest at 0.19 m3 m"3, while the Soybean Field site had the highest 
average at 0.27 m3 m"3. In the CRP Pasture the depth to the water table was also below the 
trend of the other sites approximately seventy percent of the time. The comparatively sandier 
soil texture found at all depths in the CRP Pasture site (Figure 2) may be the reason the CRP 
Pasture site had the lowest average surface soil moisture (Pachepsky et al., 2001). Poor soil 
water retention in the CRP Pasture site or the cool-season physiology of brome grass 
(Brummer and Moore, 2000) are possible reasons for why brome grass extends to a depth of 
10-20 cm to obtain water on 5/3 as compared to the 0-5 cm depth for big bluestem. Sala et al. 
(1992) found that the roots of grasses concentrate in places where the water is most available. 
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Therefore, the elevated surface soil moisture content for the Restored Prairie site on 5/3 is 
likely the reason big bluestem obtained water from 0-5 cm. In addition, at this point in the 
sample period it is important to note that water resources are abundant so the competition to 
exploit those resources is likely minimal (Grieu et al., 2001). 
In the Restored Prairie site the surface soil moisture, throughfall, and groundwater 
levels all follow the same temporal variability as the other sites for the majority of the 
sampling period. Conversely, among the grass species studied the big bluestem in the 
Restored Prairie spanned the greatest distance from its deepest (10-20 cm) to its shallowest 
(0-5 cm) depth of water uptake (Table 4). In August the probable depth of water uptake for 
big bluestem is of particular interest. The major rain events on 7/18, 7/21, 7/25, 7/26, and 
7/31 were most likely the cause of the increased surface soil moisture levels at the beginning 
of August (Figures 9 and 16). However, while the corn shifted to a shallower depth to take 
advantage of abundant surface soil moisture, the big bluestem extended to a deeper depth to 
take up water. The growth response of plant roots towards soil water is not fully understood 
(Grieu et al., 2001) and not all plants have the ability to exploit areas of higher water content 
(Carmi et al., 1993; Plaut et al., 1995). The depth of water uptake variability in big bluestem 
may be due to competition from other species in the Restored Prairie (Gustafson et al., 2004). 
Conversely, it might be due to big bluestem having a highly developed root system that uses 
water and nutrients more effectively and in a greater volume of soil than annuals (Huggins et 
al., 1997). By utilizing its preexisting root system, big bluestem could be taking up water 
from shallower sources as well as deeper, less temporally variable, soil water supplies 
(Figure 25b) (Weltzin and McPherson, 1997). With increases in average summer 
precipitation it has been found that long lived perennials will shift to a dimorphic root system 
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with active roots in both deep and shallow layers of soil (Weltzin and McPherson, 1997). A 
rainfall manipulation study showed that big bluestem had no response in productivity to 
either timing or quantity of rainfall events while other grasses such as Indian grass 
(,Sorghastrum nutans) and switch grass (Panicum virgatum) showed decreases in productivity 
with those rainfall changes (Fay et al., 2003). If more extensive drought conditions had 
occurred or stressors such as defoliation had been included their influence on root dynamics 
may have resulted in more pronounced depth of water uptake differences in the grass species 
studied here (Hayes and Seastedt, 1987; Mousel et al., 2005). 
When comparing all ten plant species, the oak trees in the Degraded Woodland and 
the Restored Savanna sites spanned the greatest distance from the shallowest (10-20 cm) to 
deepest (GW) depth of water uptake. In both the Degraded Woodland and the Restored 
Savanna sites the oaks appear to utilize moisture in the upper levels of the profile early in the 
sampling period when it is available. This is consistent with Rambal (1984), Stringer et al. 
(1986), and Valentin! et al. (1992) who found that many oak species utilize water in the 
surface layers when it is available as opposed to using water in the deep soil layers. The 
water uptake dynamics of the oaks are not unlike the concepts previously discussed in 
relation to the root system of big bluestem. However, grasses concentrate a high proportion 
of their roots in only the upper part of the soil profile (Sims et al., 1978; Weaver, 1968). 
Therefore, the potential for variability is much greater for oaks whose approximate maximum 
rooting depth is 4.3 m (Canadell et al., 1996) while the maximum rooting depth of big 
bluestem is 2.1 m (Weaver, 1958). The probable depth of water uptake for the oak trees in 
the Degraded Woodland and the Restored Savanna were similar and as conditions became 
drier with the progression of the sampling period the oak trees obtained water from deeper 
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depths. In fact, in July the oaks in the Degraded Woodland were shown to take up water from 
the groundwater source while those in the Restored Savanna were shown to take up water 
from the groundwater source in both August and September. 
The variability of the buckbrush depth of water uptake is comparable to the 
prominent differences of the nearby oaks. A plausible explanation might be that the decline 
in frequency and intensity of rain events observed in this study over time caused roots to 
forage for alternative water sources. In fact, water stress has been found to increase root 
biomass in some forest systems (Joslin et al., 2000). Lee and Lauenroth (1994) found a C4 
shrub (Atriplex canescens) that seemed to utilize soil water both in the profile (2 m) as well 
as at surface levels. Regardless, the existence of irregularities in stable isotope data (i.e. 
Figure 24c) for the oak and buckbrush make the probable depth of water uptake somewhat 
difficult to assess. Possible causes of irregularities in stable isotope data such as soil water 
evaporation (Allison and Barnes, 1983), too many source possibilities (Phillips and Gregg, 
2003), and fractionation of transpired water (Dongmann et al., 1974) have been addressed by 
estimating evaporation (Allison and Barnes, 1983), employing mixing models (Phillips and 
Gregg, 2003), and modeling fractionation in relation to transpiration (Hsieh et al., 1998). 
Differences in the probable depth of water uptake between the buckbrush located in 
the Degraded Woodland and that found in the Restored Savanna also exist. For the two sites 
the depth at which this species is taking up water is similar in May and the same in June and 
September. However, in July and August the buckbrush in the Degraded Woodland site shifts 
from obtaining water from 40-60 cm on 7/2 to 5-10 cm on 8/2. However, in this study due to 
an irregular 5180 soil water curve for the Degraded Woodland buckbrush on 8/2 (Figure 21c) 
determining a reliable depth of water uptake is problematic. Regardless, the buckbrush in the 
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Restored Savanna site remained constant at a depth (10-20 cm) for the same time period. The 
differences in the environments of the Degraded Woodland and the Restored Savanna may 
explain the disconnect between the probable depth of water uptake for this species. 
The sedge in both the Degraded Woodland and Restored Savanna sites behaved in 
similar ways in terms of probable depth of water uptake. Careful examination of the S180 soil 
and plant water points of intersection revealed that the sedge species are likely utilizing either 
soil moisture from the top centimeters of the profile or moisture from the ground surface. 
Similar to the findings of Komor and Emerson (1994) the soil moisture ô180 values in this 
study appear to have been affected by evaporation (i.e. Figure 18). The effect of evaporation 
is apparent when soil water near the surface gets partially evaporated but is then displaced 
downward by newer soil water (Komor and Emerson, 1994). This may be why the isotopic 
signature for the soil and that of the sedge species do not intersect on several occasions (i.e. 
Figure 23 c and d). Furthermore, it has been shown that while no isotope fractionation occurs 
during water uptake by plants fractionation does occur in leaf tissue during transpiration 
(Flanagan and Ehleringer, 1991). Sedge is largely leaf tissue so it is most likely more 
susceptible to fractionation during transpiration which can lead to an enrichment of heavy 
isotopes (Dongmann et al., 1974). 
It has been shown that surface soil moisture is strongly impacted by the temporal 
pattern and packaging of growing season rainfall events (Fay et al., 2003). While, the surface 
soil moisture values for the Degraded Woodland and the Restored Savanna were among the 
highest values for all the sites the highest average surface soil moisture value (0.27 m3 m"3) 
occurred in the Soybean Field site. The Soybean Field site also has either the highest or the 
second highest groundwater level approximately seventy-five percent of the time. The shorter 
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growing season of a soybean plant combined with comparatively higher surface soil moisture 
levels may provide reasoning for why the probable depth of water uptake for soybean is 
invariable. Soybean roots can have an average rooting depth of 56 cm (Merrill et al., 2002) 
and a maximum rooting depth of 180 cm (Mayaki et al., 1976). Therefore, because the 
Soybean Field site was planted on 5/18 the shallower probable depth of water uptake in June 
could be the result of an immature root system. 
In a vegetative comparison between annual and perennial species consideration must 
be given to fundamental distinctions such as: planting, emergence, and harvest dates. 
Furthermore, the senescence of these annual crops in August and September (Lindoo and 
Nooden, 1977; Lizaso et al., 2003) and its influences on soil water and root dynamics must 
be considered. During senescence the water uptake of corn and soybean plants most likely 
shifts influencing the moisture dynamics of the site. While a significant amount of research 
has been done on how water influences senescence (Atti et al., 2005; De Souza et al., 1997; 
Alvino et al., 1999; Banziger et al., 1999) little current information could be found on how 
senescence influences water uptake and site moisture dynamics. 
In the Corn Field site a decline was observed in the surface soil moisture from mid-
May to the beginning of July. The most notable aspect of this decline was that the surface 
soil moisture in the Corn Field site was seemingly unaffected by the occurrence of two major 
rain events in early to mid-June. The other five sites showed periods of high surface soil 
moisture on 6/15 while the Corn Field site continued its downward trend. The Corn Field site 
was planted on 5/3 so it is plausible that this resilient downward trend represents a period of 
intense water uptake (Shaw, 1982). 
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The probable depth of water uptake for corn was difficult to interpret because it 
alternated depths at which it obtained water between 5-10 cm and 10-20 cm. In a similar 
Midwestern study where irrigation was employed, Komor and Emerson (1994) found that 
corn roots were consistently extracting water from the top 5-10 cm of the soil profile. Still, 
corn has been shown to have a maximum rooting depth of 130 cm (Pages and Pellerin, 1994). 
The deeper depth of water uptake for corn in July may have been due to further physiological 
root development or the need to extract available water from deeper depths caused by 
previous depletion of surface soil moisture. The propensity of plant roots to grow towards 
wetter areas has been recognized by numerous authors (Eissenstat, 1991; Gallardo et al., 
1994; Pregitzer et al., 1993). Finally, the elevated level of surface soil moisture was likely the 
cause for the shallower depth of water uptake for August and overall low moisture levels the 
reason for the deeper September point. The changes in probable depth of water uptake for 
corn and big bluestem (Figure 29) show that these two species alternate depths at which they 
take up water in June, July, and August. Differences between depths of water uptake for corn 
and big bluestem may be minimal but they provide evidence that these two species might 
productively coexist. 
Conclusion: 
The perennial plants studied (buckbrush and oak) acquired moisture from greater depths 
in the soil profile ranging from 5-10 cm to groundwater levels in comparison to the annual plants 
(corn and soybean) ranging from 5-10 cm to 10-20 cm. Other studies (Dodd et al, 1998; Weltzin 
and McPherson, 1997) have also shown differential use of water resources between woody and 
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herbaceous species similar to those observed in this study. In this study the first component of 
the first hypothesis was partially true in that buckbrush and oak acquired moisture from greater 
depths than the annual species but the remaining perennial species sampled did not. 
In this case the depth of water uptake for the perennial grass species (sedge, brome grass, 
and big bluestem) was comparable (ranging from 0-5 cm to 10-20 cm) to the annual species 
(corn and soybean). Similarly, Weltzin and McPherson (1997) found that at no time in their 
study did grass (Trachypogon montufari) use water sources deeper than 35 cm. The depth of 
water uptake for the oak trees progressively deepened with increased dryness. Therefore, the 
second part of the first hypothesis was again partially upheld in that the depth of water uptake for 
the oaks progressively deepened but not for the other perennial species studied. 
The soils under annual vegetation (Soybean Field and Corn Field) did not contain 
significantly lower surface moisture levels during peak productivity (July-Aug.) as compared to 
soils under perennial vegetation. Therefore, the second hypothesis is rejected. The surface soil 
moisture level in the Corn Field site (0.02 m3 m"3) on 7/15 was the only point for that time period 
with a significantly lower value. Conversely, the Soybean Field had the highest recorded surface 
soil moisture value (0.32 m3 m"3) on 8/15. Still, over the entire sampling period the sites under 
annual vegetation showed no statistically significant differences in surface soil moisture 
variability as compared to the sites under perennial vegetation. 
In this study it is important to note that the restoration of the Restored Prairie and the 
Restored Savanna was initiated only 3 years prior to experimentation. Furthermore, the land 
where the Restored Prairie is currently located was previously in agricultural production. The 
implications of this relatively recent reestablishment of these two vegetative cover types are 
difficult to assess and require future research. In this study the relative homogeneity of the results 
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comparing all six sites provides evidence for how these vegetative cover types may retain below 
ground similarities beyond initial restoration for longer than might be expected. This is despite 
how distinctly different their above ground appearances may be. All of these considerations 
further emphasize the expediency with which the elements that make up a healthier 
agroecosystem must continue to be distinguished and implemented. 
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CHAPTER 3: 
GENERAL CONCLUSION 
Application: 
Agriculture plays a dominant role in land use and has a remarkable influence on how 
resources cycle between soil, plants, and the atmosphere. The management of agroecosystems 
has an important impact on our stewardship of the environment. The data included in this 
research has provided information to better understand the effects that intensive annual 
agriculture has on the landscape as compared to the perennial plant communities of the past or 
those that might be reintroduced in the future. This research has provided an assessment of 
intensive Midwestern annual agriculture directly compared to various native perennial cover 
types. The soil water and root depth of water uptake data provides information regarding the way 
annual crops, perennial grasses, and woody species found throughout the Midwest attain and use 
water. 
The greater depth of water uptake capabilities of perennials species found in this research 
lends support to the idea that integrating perennials species into the annual rotations currently 
dominating agriculture might be a way to more optimally and sustainably utilize resources. The 
potential benefits of perennial grains, in terms of reduced agricultural inputs and improved 
wildlife habitat are great, while the risks are comparatively modest (DeHann et al., 2005). In 
addition, the presence of a mosaic pattern achieved by different land use arrangements can be an 
effective soil conservation strategy (Fitzjohn et al., 1998; Fu et al., 2003). However, the 
widespread adoption of perennial vegetation in agriculture has been hindered by the production 
advantages that annual crops provide and the relative ease of manipulating them to meet our 
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needs. Unless substantial advances are made in perennial crops or a major societal shift takes 
place, grain yields will be the underlying factor that governs agriculture and food production 
(Glover, 2005). 
In the long term agriculture can and must sustainably coexist with the natural 
environment. Information of this kind paves the way for positive changes to be made that can 
improve below ground water cycling and water quality in the short term. Initiatives and research 
of this type enables us to gain the knowledge necessary to make wise well-informed decisions to 
further the incorporation of ecological principles into agricultural practice. 
Directions for Future Research: 
The gravity of the stewardship and sustainability issues found at the intersection of 
the disciplines of agriculture and conservation necessitate continued comparative 
agroecosystems research. Based on the results and limitations of the comparative 
agroecosystems analysis presented in this thesis, I would suggest the following two areas as 
recommended areas of future research: 
1) Agroecoyyjfem 5W Wafer 
It stands to reason that further work into the analysis of soil water dynamics under 
different annual and perennial plant communities common to the Midwest would be 
beneficial. Long-term studies that include monitoring of the soil water dynamics at surface, 
profile, and groundwater levels with the use of multiple sampling methods is recommended. 
If anything the future holds the promise of scarce resources. However, understanding soil 
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moisture dynamics could increase accountability as well as aid in the preservation of 
resources. In the future efficient utilization of some resources and effective preservation of 
others will require accurately accounting for essential resources such as clean water in a 
system. Due to the expansive influence of agricultural activity there is a need to thoroughly 
understand all advances in the technology employed in agriculture because their 
ramifications will be at the landscape level. Learning more about our water resources in the 
agroecosystems around us would certainly be beneficial but could be crucial. 
The most valuable information gained from this research may have been the ô180 soil 
and stem water data. The probable depth of water uptake data derived from stable isotope 
analysis could potentially be applied in studying communities of plants rather than individual 
species. Stable isotopic investigation in the Midwest could provide necessary information for 
plant communities (annual, perennial, or annual/perennial) that might exist symbiotically 
through resource partitioning. Similarly, studies on Midwestern plant communities that fully 
maximize the resources available to them could be performed to gain insights towards the 
development of more sustainable agricultural technologies. 
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